A three-step mechanism for H 2 -air combustion (Boivin et al., Proc. Comb. Inst. 33, 2010) was recently designed to reproduce both autoignition and flame propagation, essential in lifted flame stabilization. To study the implications of the use of this reduced chemistry in the context of a turbulent flame simulation, this mechanism has been implemented in a compressible explicit code and applied to the simulation of a supersonic lifted co-flowing hydrogen-air flame. Results are compared with experimental measurements (Cheng et al. C&F 1994) and simulations using detailed chemistry, showing that the reduced chemistry is very accurate. A new explicit diagnostic to readily identify autoignition regions in the post-processing of a turbulent hydrogen flame simulation is also proposed, based on variables introduced in the development of the reduced chemical mechanism.
Introduction
With the democratization of high-performance technical computing, reliance on the numerical computation of combustion processes is growing. Ensuring the accuracy of the methods and models used in numerical simulation of combustion is therefore critical. One element in achieving this accuracy is to base the calculations on a correct detailed chemical-kinetic mechanism, but this usually leads to prohibitively expensive calculations. This has promoted numerous studies on chemistry reduction methods, among which hydrogen-oxidation has been a pioneer as relatively few elementary reactions and reactive species are involved (resp. 21 and 8) , and the reaction rates are well validated under most conditions [1] . Accordingly, a number of explicit reduced mechanisms for hydrogen combustion have been proposed in the past [2] [3] [4] [5] [6] [7] [8] , designed to reproduce accurately one combustion process in particular -autoignition, deflagrations, or diffusion flames -and for a limited range of temperature, pressure or equivalence ratios. In many practical applications, however, these combustion processes can be encountered simultaneously -and possibly under a wide range of conditions -which renders the use of such reduced chemistries inadequate.
A three-step mechanism for H 2 -air combustion was recently proposed [9] , designed to cope with high-temperature autoignition, diffusion flames and flame propagation. To encompass autoignition, a specific correction was included in the mechanism, based on an eigenvalue analysis of the chain-branching reactions between reactants and the main radicals. It has been validated in premixed and non-premixed laminar flames, as well as
The purpose of the present paper is twofold. The first objective is to complete the validation of this three-step chemistry, in the context of turbulent autoignition. To this end, a supersonic lifted co-flowing hydrogen-air diffusion flame stabilized by autoignition is chosen as test case. Given that the flame involves autoignition, diffusion and premixed combustion processes under intensely fluctuating flow conditions, it is a challenging test case for the three-step chemistry. This objective is tackled in the first two sections of the paper. Systematic post-processing of such unsteady three-dimensional lifted flame simulations to analyze stabilization is a challenge [10] [11] [12] [13] [14] [15] because the instantaneous stabilization position typically fluctuates rapidly. Moreover non-premixed combustion, premixed combustion and autoignition processes can contribute simultaneously to stabilization. Fifteen years ago, the Takeno flame index was introduced to identify premixed and non-premixed combustion [10] . Identification of autoignition remains nowadays an active subject [11] , as the role of autoignition in flame stabilization is still actively studied [13] . Being able to identify in a systematic manner zones where autoignition originates is a crucial issue. Section 4 presents a new explicit diagnostic to readily identify regions where autoignition is occurring, based on joint use of quantities inspired by [9, 11, 14] . The diagnostic is fully explicit, which makes it computationally cheap, and easily accessible both at the post-processing stage and in run-time.
Description of the supersonic flame
The supersonic burner (SSB) of the NASA Langley Research Center [16] sketched in Fig. 1 and with operating conditions given in Table 1 , produces an axy-symmetric flame from a sonic pure hydrogen cold jet surrounded by a largely supersonic (Mach 2) jet of hot products generated by a lean combustor. Massive convection leads to a large induction zone, preceding the flame stabilization area, about 6 cm from the nozzle exit, or 25 D (D=2.36 mm, is the diameter of the inner hydrogen jet). The work of Cheng et al. [16] with the SSB provides accurate experimental data on the dynamics, the mixing and the combustion conditions of this supersonic lifted flame. Through combining ultraviolet spontaneous vibrational Raman scattering and laser-induced predissociative fluorescence techniques, they obtained simultaneous instantaneous measurements for temperature and species concentrations (main species and OH radical). Measurements are reported as radial profiles at distances x/D = 0.85, 10.8, 21.5, 32.3, 43.1, 64.7 and 86.1 from the burner exit and as scatter plots of temperature and species at several selected locations.
Numerical set-up
Simulations of the supersonic flame described above are carried out with the Navier-Stokes equations solver AVBP [17] , developed at Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique (CERFACS). AVBP is an un- [16] . structured parallel compressible solver designed for Large Eddy Simulation (LES) or Direct Numerical Simulation (DNS) of combustion systems. The balance equations for mass, momentum, energy and species mass fractions are explicitly integrated with a 3 rd -order scheme in space -Taylor Galerkin -and time -Runge-Kutta. To handle shocks in the supersonic jet the strategy proposed in [18] was followed: the sub-grid scale turbulent viscosity µ t is modeled through a standard Smagorinsky model, a centered numerical scheme is chosen and a hyperviscosity like in [19] is used for capturing shocks. A subgrid scale diffusivity is introduced for chemical species via a turbulent Schmidt number equal to 0.6 (molecular diffusivity is different for each species, and specified by the A number of groups have simulated the main characteristics of the supersonic flame using Eulerian and Lagrangian Monte Carlo Probability Density Function (PDF), or flamelet models [20] [21] [22] [23] [24] [25] , in a Reynolds Averaged Navier-Stokes (RANS) context. The boundary conditions have proven to be one of the most sensitive elements in simulating this flame. The experiments in [16] provide detailed data on the fluid mechanical scales and on the flow composition at x/D=0.85, a very short distance from the nozzle exit compared to the 25D experimental flame stabilization lift-off height. A set of velocity, temperature, pressure and main species concentrations profiles -consistent with the experimental data and the nominal flow rates of the burner given in Tab. 1 -is imposed at the supersonic inlet of the simulation located at x/D=0.85. Homogeneous isotropic turbulence is then superimposed in the vitiated air coflow, with a rms velocity of 300 m/s, consistently with the 20% fluctuations in velocity at the jet exit reported in the experiment [16] .
The computational domain is a hemisphere corresponding to x ≥ 0.85D and of radius 10000D, and the fully unstructured grid consists of 6.6M tetraedric cells, with a minimum volume of ∆v = 8.10 −13 m 3 . The convex boundary on the sphere is an adiabatic wall, sufficiently far so that no wave reaches it during the simulation time.
Reaction mechanisms for hydrogen combustion
The main objective of this work is to test, in a turbulent case, the behavior of the recently published three-step mechanism for H 2 -air combustion [9] by comparing it to a detailed chemical-kinetic mechanism [1] , consisting of 21 elementary reversible reactions and involving 8 reacting species. The threestep mechanism was derived from a twelve-step skeletal mechanism by assuming O, OH, and H 2 O 2 to be in chemical-kinetic steady state, and consists of three global reactions between five reacting species:
which rates ω I , ω II and ω III are detailed in [9] . The three-step mechanism also includes a correction accounting for the failure of the steady state assumptions for O and OH during autoignition events above the second explosion limit, whose effectiveness and numerical stability has yet to be proven in a turbulent flame.
The correction consists in using modified rates ω * I /ω I = ω * II /ω II = ω * III /ω III = Λ during the chain-branching period that leads to autoignition. Λ, given in [9] depends on the local reactants concentrations and temperature.
It was shown in [14] that HO 2 is a good marker of autoignition. To identify when and where to use this correction, that is, when is autoignition occuring, a variable α was defined in [9] as α = production rate(HO 2 ) − destruction rate(HO 2 ) production rate(HO 2 ) .
The occurrence of autoignition is identified by the condition that α be larger than a threshold value in regions of positive H-atom production. If this condition is not satisfied, the correction is not needed and Λ = 1 is to be used instead. The threshold criterion used in the computations was α > 0.05, although the results were found to be quite independent of the threshold value used, provided the value selected was sufficiently small [9] . This switch could in principle cause numerical problems when autoignition occurs in a turbulent context, as strong gradients in reacting rates could be introduced. In order to understand the effect of the proposed correction, to study the numerical stability of the switch, and to assess the accuracy of the three-step mechanism, the simulation of the supersonic flame was performed thrice, using the detailed San Diego chemistry, the reduced chemistry with the correction described above (ω *
, and the reduced mechanism without the correction.
Physical scales and mesh requirements
The experiments show that the flame anchors in a flow of mean velocity u = 1200m/s, which is hundreds of times the laminar flame speed of a hydrogen/air stoichiometric premixed flame. Even with a turbulence level of 20%, it is clear that the flame cannot be stabilized through a propagative edge flame, because the flow velocity is at least ten times higher than the deflagration speed. Instead, the flame of the present study is stabilized by the autoignition of a mixing layer between cold hydrogen and hot vitiated air.
The physical scales associated with the autoignition process are evaluated from a preliminary computation, in laminar conditions, in order to estimate the mesh resolution requirements in the turbulent computation. The transient evolution of a onedimensional mixing layer of H 2 and vitiated air with composition and temperature as given in Tab.1 was computed using a DNS code with detailed chemistry and complex transport as in [26] . Autoignition occurs at the most-reacting mixture fraction f mr , leading to the formation of two premixed fronts that leave behind a trailing diffusion flame [27] . The temporal triple-flame structure obtained using detailed and reduced chemistry is presented in Fig. 2 . Also shown are lines corresponding to the evolution of the stoichiometric and most-reacting mixture fraction position ( f st and f mr ). The mixture fraction f is defined as
Here, Z H is the hydrogen elemental mass fraction in the mixture,
where µ i,H denotes the mass proportion of atomic hydrogen in the species i, and Y i are their mass fractions. Figure 2 shows that autoignition occurs after a time t ind. ≈ 6.10 −5 s, after which the flame ignites and splits into three branches : a lean, spatially decaying premixed flame (left branch), a diffusion flame anchored around the stoichiometry f st =0.03 and a rich, spatially decaying premixed flame (right branch). The time scale associated with the premixed branches is denoted t f l. and estimated ≈ 4.10 −5 s. Considering a mean velocity u = 1200m/s estimated from the table of the fluid mechanical scales in the flame reported in [16] , the induction zone should extend over a region of t ind. .u ≈ 30D, and the premixed branches over t f l. .u ≈ 20D in the laminar jet. In this stabilization region (0 < x/D < 50), mixing is a key phenomenon and must be captured from the largest to the smallest scales, i.e. in a DNS-like approach.
A very refined mesh was then used in the near burner area, 0.1 < ∆x < 0.4mm was imposed for x/D < 40, to ensure that mixing and ignition are well resolved, and there is no need for turbulent combustion modeling in this area. The ratio of the minimum grid spacing to the experimental integral and Kolmogorov scale are then respectively of the order of 0.02 and 10 according to the experiments by Cheng et al. [16] . A posteriori tests on the mesh resolution are presented in Appendix A.
Further downstream, the absence of a sub-grid turbulent combustion model will lead to an under-resolution of the diffusion flame. This does not imply numerical instabilities, as species and temperature gradients are controlled by the resolved flow. As the flame stabilization is the result of an autoignition process, and not an upstream propagation equilibrated by convection, the lack of subgrid model in the diffusion flame cannot affect the flame position.
The time step is limited by the smallest cell size and the fastest acoustic propagation speed u + c, u being the flow velocity, and c the sound speed, using a Courant-Friedrichs-Lewy criterion of 0.7. The resulting time-step is close to 2.10 −8 s, which is at all times below any chemical-kinetic time scale.
Results
Computations were performed on a HP AMD cluster with 20.3 peak Tflops/s at CERFACS, using up to 120 cores.
Qualitative results
Figures 3 and 4 present the instantaneous and mean temperature and HO 2 mass fraction fields obtained in the simulation of the supersonic flame, and allow a first qualitative comparison between the three chemical-kinetic mechanisms. The highly fluctuating nature of the flame can be observed on the left side plots in Fig. 3 , showing the instantaneous temperature field.
The left side plots in Fig. 4 show that HO 2 appears well before the high temperature region, indicating that autoginition is starting at distances of about 20D from the burner exit. [1] , reduced chemistry without the correction, and reduced chemistry as in [9] . Contour lines are plotted every 250K from 1000K to 2500K. White dots in the right plot correspond to the location of scatter plots of Figs. 7 to 9.
Focusing on the mean temperature in Fig. 3 , the first noteworthy result is that the detailed chemistry predicts with good accuracy the stabilization position of the flame at about 25D from the supersonic burner, as obtained in the experiment, validating the choice of the San Diego detailed chemistry [1] as a reference. Secondly, the reduced mechanism including the adequate modified rates (ω * I , ω * II and ω * III ) as presented in Sec. 2.2 predicts a very similar turbulent flame: the stabilization position, and the instantaneous and mean temperature and HO 2 radical mass fraction fields are very similar to those obtained with detailed chemistry.
Finally, the reduced mechanism without correction (middle pictures in Figs. 3 and 4) expectedly results in a large underprediction of the stabilization height, about 40% shorter. Besides, the shape of the mean flame base indicates that this mechanism predicts a leaner autoignition, which is consistent with the laminar results presented in [9] . The inclusion of the correction of the reaction rates in the reduced chemistry changes drastically the stabilized flame, both in position and shape, indicating again that autoignition is the key mechanism in this flame stabilization. , reduced chemistry without the correction, and reduced chemistry as in [9] . Contour lines are plotted every 10 −5 from 2.10 −5 to 2.10 −4 .
Comparison with experiment
A quantitative comparison of the flames obtained in the three simulations is presented in Fig. 5 . It represents profiles for mean values and rms fluctuations of the temperature, mole fractions of main species H 2 , O 2 , H 2 O, and radical HO 2 mole fraction along the flame axis, as obtained with the detailed chemistry, the reduced chemistry, and the reduced chemistry without correction. Some experimentally measured points, extracted from radial profiles, are also included. They were obtained by interpolating at y=0 the radial profiles reported in [16] . Because of the asymmetry of the experimental radial profiles (Fig. 6 ), this interpolation does not necessarily correspond to the axis of the flame. The SSB, depicted in Fig. 1 , shows a short combustion chamber fueled asymetrically by the hydrogen and oxygen injectors, followed by a short convergent divergent nozzle. The resulting flow is expected to be more asymmetric than the present CFD inlet conditions, which explains the deviation of the numerical results and experiments in these plots. As will be seen below, numerical and experimental radial profiles show a much better agreement. Table 2 shows the lift-off height in D units, computed as the position of the maximum temperature gradient of the three mean temperature profiles in Fig. 5 . These values confirm that the reduced mechanism without correction predicts the lift-off height with an error of more than 40%, while the introduction of the correction reduces the error to about 5%. In the remainder of the discussion, only the detailed mechanism and the reduced mechanism including the adequate correction will be considered. Table 2 : Stabilization position in D units, as obtained with the detailed chemistry [1] , the reduced mechanism [9] , and the reduced mechanism without the correction. Experiments measure stabilization at 25D.
The reduced chemistry reproduces with good accuracy the mean and rms fluctuations profiles of all species predicted by the detailed chemistry. This is even true for the hydroperoxyl radical HO 2 (bottom plots in Fig. 5 ), which shows outstanding agreement in the induction zone, up to about x/D=20. validates the resolution of mixing at large scales, a sine qua non condition for the good prediction of the lift-off height. Some traces of OH, appear in the experiment at very low mixture fractions, which correspond to products of a lean pre-combustion in the SSB, as reported in the experiment [16] , and not to the onset of ignition.
For the next scatter plots, in Figs. 8 and 9, probes are located inside the stabilized flame (see Fig. 3 ). The species and temperature progressively approach their adiabatic equilibrium level. The range of mixture fractions encountered at the second probe in Fig. 8 , located in the flame, is fairly similar in the experiment and in the simulation ( f ∈ [0, 0.08] and [0,0.07] respectively). Agreement in the range of fluctuating f values is not as good at the last probe (Fig. 9) , but remains acceptable.
Conditional averaging of the experimental and simulation scatter plots would show a good agreement, however, the scattering of the points in the vertical direction of these plots is noticeably different, as shown in Figs. 8 and 9 . It is to be related to the lower rms fluctuations for temperature and species in the vicinity of the symmetry axis, as reported in Figs. 5 and 6. This is due to the choice of the injected turbulence (homoge-a. [1] (solid curves), with the reduced mechanism [9] (dashed curves and crosses), and in the experiments [16] (circles). neous isotropic), which does not describe the inhomogeneities produced by the splitter between the two jets. As a consequence, less fluctuations are found in this area compared to the experiment. This however seems to have a negligible impact on the global mixing (see Fig. 7 ). The quality of the simulated flow is then considered sufficient to study the impact of the finite-rate chemistry on flame stabilization. In Fig. 11 , OH radical, absent from the reduced chemistry, was estimated using the appropriate steady state expression given in [9] , showing a reasonable agreement with the detailed chemistry.
Discussion
The comparison of the shapes of the mean and rms profiles in the induction zone preceding the flame, shown in Figs. 5, 6.a and 6.b. indicates that the mixing layer between hydrogen and the hot coflow is not well reproduced in the simulation. A better strategy for the inlet boundary condition should be investigated, to account for the non-uniformity of the turbulence at x/D=0.85, and the species fluctuations due to the unsteadiness of the flow characteristics after the pre-combustion chamber. However, this does not influence the flame stabilization, which seems to be purely chemistry related.
A second difference is that the experimental flame seems generally wider than the simulated flame. This error is recurrent in all recent simulations of this flame [20] [21] [22] [23] [24] [25] , and may be lessened by a more realistic boundary condition including, for instance, a realistic burner geometry. Besides these inaccuracies, this flame simulation captures the correct physics, and is a good reference for studying the impact of the chemistry model, which is the objective of the present work.
The detailed and reduced chemistries predict mean values and rms fluctuations very similar for all main species, except in a very small area around 25D, as revealed in Fig. 11 . This probe was purposedly located in the area between the two stabilization positions predicted by the detailed and the reduced chemistries (resp. at about 26D and 24.5D, as presented in Tab. 2), to evaluate the size of the largest possible errors.
However, the burnt gases maximum temperature is overestimated by about 150K, as shown in Figs. 5, 6.c and 6.d. This is a well-known drawback of using explicitly reduced chemical mechanisms: the selected subset of radicals has a strong impact in the evaluation of the specific-heat C p , and thus on thermodynamics.
An explicit diagnostic for autoignition identification.
The hydroperoxyl radical HO 2 peaks typically in igniting mixtures, therefore it has been extensively used for detection and visualization of autoignition in lifted-flames [13, 14, 28] . However, HO 2 concentration also peaks in ignited mixtures near the fuel-rich reaction zones of flames [11] . Moreover, its concentration during autoignition processes changes drastically with local conditions, and can hinder the detection of certain autoignition spots when several local maxima (in HO 2 level) are simultaneously present.
This section shows a possible use of the quantities derived in [9] and reviewed in Sec. 2.2 for a new explicit diagnostic to identify autoignition at the post-processing stage.
Reactivity of the mixture
The chemical explosive mode analysis (CEMA) proposed by Lu et al. [11, 29] , and derived from the computational singular perturbation (CSP) method [30] , is a method to quantify the reactivity of the mixture at each point of a simulation. Chemical explosive modes are associated with positive eigenvalues of the Jacobian of the chemical source term. In [11] , explosive modes are detected by computing numerically the eigenvalues of the full Jacobian at every point of the computational domain. Here we propose an explicit expression for the eigenvalue associated to autoignition chemistry. Hydrogen autoignition above the 2 nd explosion limit can be characterized by the competition of the chain-branching reactions
and the radical consumption through the third-body elementary reaction
This competition can only occur if traces of radical are produced by the initiation step
Autoignition above the 2 nd explosion limit can then be studied as the following linear system
where
Here the C X are the molar concentrations of the species X, and k i f,i=1,5 are the forward temperature-dependent Arrhenius rates of the reactions listed above. It can be shown that A has a single positive eigenvalue λ, characteristic of the chain-branching, which can be obtained with good approximation neglecting the cubic term in the characteristic polynomial [9] , as:
where the l i are the coefficients of the characteristic polynomial:
This simple expression for λ, depending only on the local reactant concentrations and temperature, gives an accurate estimation of the local non-premixed potential reactivity. It can also be used to estimate a priori the most-reacting mixture fraction f mr [13, 26, 27] , which corresponds to the maximum value of λ in a mixture.
Note that λ is proportional to the inverse of the autoignition time in homogeneous conditions. It is possible to obtain explicitly the relation between λ and the autoignition time, by fully integrating the differential equations (4), as in [31] . The complete integration results in an additional logarithmic term (associated to the initiation termǭ), which was not found to improve significantly the identification of the most-reacting mixtures in this case. Figure 12 presents a snapshot of the instantaneous λ value in the supersonic flame simulated in this work. Given that λ depends only on the local temperature and concentrations C H 2 and C O 2 , and because these quantities barely change during induction, λ is approximately constant along the most-reacting mixture line, marking reactivity but not the actual occurrence of ignition. Autoignition occurs along this line after sufficient accumulation of HO 2 radical, which can be identified by a second variable, as presented in next section. Figure 13 shows the evolution of λ, the temperature and selected species mole fractions in an isobaric homogeneous reactor with initial conditions close to those encountered in the induction zone of the supersonic flame (p=1atm., T=1200K, f =0.03). It shows that, as explained above, the concentration of H 2 , O 2 , H 2 O, H, as well as the temperature and therefore the reactivity λ remain constant during the induction process.
Autoignition progress
The chemical steady-state parameter α, defined in Eq. (1), was originally introduced in [14] , and used later in [9] to detect autoignition and activate the correction in the 3-step reduced mechanism. The evolution of α during autoignition in the homogeneous reactor is included in the lower plot of Fig. 13 . In Figure 12 : Snapshot of λ, the reactivity of the mixture. Contour lines at λ = k. 10 5 s −1 , k=1,2,..,5.
the homogeneous autoignition process, HO 2 production starts by the initiation step H 2 + O 2 → HO 2 + H. While the produced H radical is readily consumed by the third-body reaction H + O 2 + M → HO 2 + M, producing more HO 2 , HO 2 cannot be consumed by any of the reactants and α remains by definition unity during this stage. As HO 2 radical accumulates, α decreases, reaching 0 when the HO 2 concentration reaches its maximum value, triggering the autoignition. We can identify the autoignition period as the period when HO 2 progresses towards steady state, when α decreases. In Fig. 13 two vertical lines are plotted at α max = 0.95 and α min = 0.05 to show that these two values can be chosen as delimiters of the autoignition region. Given the variations of α (see Fig.13 ), the criterion de- pends very little on the choice α min , provided it is sufficiently small (also described in [9] ). However, the value of α max sets the sensibility of the criterion. It has to be small enough to be insensitive to numerical instabilities, but large enough to capture the induction region. Figures in the next section show that α max = 0.95 is a good choice.
Identifying autoignition
The stabilization of a turbulent lifted flame by autoignition is more complex than the homogeneous case described in Fig. 13 . However, the discussion stands in reactive preheated turbulent mixtures, and the region where α is between α max and α min , may be identified as the autoignition kernel. Figure 14 represents on the left the area corresponding to 0.05 < α < 0.95 in the symmetry plane, and on the right the isosurfaces of α=0.05 and 0.95 colored with the reactivity λ, computed from an instantaneous solution obtained with the reduced chemistry. As a reference, a gray temperature isosurface at T=1600K is also plotted, delimiting the burnt gases region. For visualization purposes the α isosurfaces were restricted here to very reactive mixtures, eliminating points where λ is smaller than one third of its maximum value. The volume corresponding to 0.05 < α < 0.95, well separated from the burnt gases, can then be associated to the autoignition kernel.
Further study of this ignition kernel shows that it contains pockets of burnt gases, some of these pockets readily visible in Fig. 14 . The strict separation of the burnt gases region and the autoignition kernel in Fig. 14 shows the efficacy of the method as an identifier of autoignition. Upstream, the autoignition kernel shows finger-like shapes, corresponding to the first detectable stages of autoignition. The coloring indicates that autoignition at this first spots occurs at maximum values of λ, that is, at the most reactive mixture, as should be expected.
In addition, this method can be adapted to syngas autoignition (H 2 : CO mixtures). The expression for the reactivity Eq. (5) remains valid, as the chain-branching is dominated by H 2 chemistry. The chemical steady-state parameter for HO 2 , α, includes additional CO related reaction rates [32] .
It should be remarked that the expression for the reactivity is not valid below the second explosion limit, where autoignition is not controlled by the chain-branching, but by a thermal runaway [33] .
Conclusions
We have presented simulations that validate a three-step reduced kinetic-chemical mechanism for H 2 oxidation [9] in a turbulent, autoignition-stabilized flame. As outlined in the introduction, one of the main motivations for studying reduced chemistry is the possible saving in computational costs. The use of the reduced chemistry results in a significant 20% speedup compared to the detailed mechanism. Note that a speed-up of up to 45% was obtained using the reduced mechanism in a two-dimensional cartesian grid DNS solver [26] . Higher speedup, of up to 75%, was obtained in transported PDF simulations. These differences in speed-up can be related to the different relative weight of chemistry integration in the cost of the three simulation methods.
The reduced mechanism for H 2 oxidation [9] offers an attractive alternative to detailed chemistry as being computationally cheaper, and leading to practically identical results. For it was derived in a fully explicit manner, no tuning is necessary prior to a flame computation and it can be readily adapted to any H 2 -oxidation detailed chemistry available in the literature.
The simulation using the reduced chemistry is as stable as the computation with the complete chemistry. The modification of the three global reaction rates where α > 0.05 has proven to be an effective correction even in a turbulent simulation, and, more importantly, does not cause any particular numerical instability. Given the excellent results obtained with the reduced chemistry in laminar combustion [9] , and its accuracy in this lifted flame, it is expected to give good results in other turbulent lifted flames as well, provided that autoignition occurs at conditions above the 2 nd explosion limit. Based on the quantities introduced in [9] , an efficient autoignition detection methodology was presented in the last section. This method is computationally cheap, as all quantities are given by explicit formulas, and can be adapted to any H 2 -air oxidation scheme, provided that the hydroperoxyl radical HO 2 is included in the mechanism. This includes also any H 2 -dominated autoignition process, for instance that of syngas (H 2 : CO) mixtures. Also, it provides a simple way to evaluate the most-reacting mixture fraction in a mixing-layer. A Figure 14 : Left: in black, area corresponding to 0.05 < α < 0.95 in the symmetry plane. Right: zoom on the iso-surfaces α = 0.05 and 0.95, colored with λ. In gray, temperature isosurface at T=1600K. similar method for more complex fuels should be further investigated, starting with a systematic simplification of the autoignition process. The resulting system might not resolve to a simple quadratic expression, as for the hydrogen mixtures reactivity, or even be fully explicit, but it should remain cheaper computationally than analyzing the complete Jacobian of the chemical source term, whose complexity grows with the square of the number of species.
Additionally, this study enlightens the fact that the choice of the chemistry scheme in a simulation of an autoignitionstabilized lifted flame is essential, as an inappropriate choice can lead to errors on the flame stabilization-height of up to 50%.
Finally, the resolution issue has also been tested when examining the scatter plots in Figs. 7 and 8 , for x/D≤40D. The fluctuations in the mixture fraction space f obtained in the simulation cover a similar range than the mixture fraction measured in the experiment, although some differences are observed. This means that the resolved scales in f represent the experimental fluctuations, and no SGS fluctuation model is needed. Further in the flame, after 40 D, for example in Fig. 9 , a first hint of possible subresolution in f appears. 
